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[57] ABSTRACT

When the trigonometric function of the phase lag of the
hydraulic excitation of the runner vanes, which varies
in accordance with the combination of the number of
runner vanes and the number of guide vanes of a high
head pump/turbine, is denoted by cos(8zn), the thick-
ness of the crown along a circle of a diameter at a mid
point of the diameter of the outermost periphery of the
runner is denoted by tasc, the thickness of the band is
denoted by tayrp, the mean thickness of the crown at the
outer peripheral portion of the runner is denoted by tc,
the mean thickness of the band is denoted by tp, and the
rigidity ratio of the crown and band to the runner vane
is denoted by K g taking the rigidity of the runner vane
as a reference, the moment coefficient Caso which 1s a
function of cos(6gN) and the rigidity ratio KR i1s se-
lected to be less than 0.5 1n accordance with the value of
cos(Bgrn), and relations tc/tmyc=1 and tp/tyyp=1 are
selected when the value of cos(6gm) 1s positive and
relations tc/tymc=1 and tp/tyyp=1 are selected when
the value of cos(@rn) 1s negative.

2 Claims, 10 Drawing Sheets
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1
HIGH HEAD PUMP-TURBINES

BACKGROUND OF THE INVENTION

This invention relates to a high head pump-turbine
having a unitary runner made up of a rigid combination
of a circular plate shaped crown (upper plate), a band
(lower plate), and a plurality of runner vanes which are
arranged to form a circular vane cascade between the
crown and band, wherein the flow path height at the
outermost periphery between the crown and band is
much smaller than the outermost diameter of the run-
ner, and the runner is formed in a flattened state.

FIG. 11 of the accompanying drawings shows a gen-
eral construction of a conventional high head pump-tur-
bine. A runner 2 is secured to the lower end of a main
shaft 1 which is directly connected to a generator/mo-
tor (not shown). About the runner 2 are disposed a
plurality of guide vanes 3 arranged to form a stationary
circular vane cascade as shown in FIG. 12. As shown in
FIGS. 13 and 14, the runner 2 is formed as an integral
structure inciuding a rigid combination of a circular
disc shaped crown 20, a band 2b and a plurality of run-
ner vanes 2c arranged as a moving circular vane cas-
cade. The upper portion of runner 2 is covered by an
upper cover 4, while the lower portion of runner 2 is
covered by a lower cover 8§, and a runner chamber 6 is
defined between the upper and lower covers 4 and § for
accommodating the runner 2.

When the pump-turbine is used as a turbine, high
pressure water i1s admitted into a spiral casing 7 pro-
vided to encompass the runner 2 via stay vane 8, and
guide vanes 3 to flow into the runner chamber 6. The
water flows uvniformly from the outside around the
outer peniphery of runner vanes 2¢, and then flows
radially inwardly through peripheral inlet paths defined
between these runner vanes 2c, thereby rotating the
runner 2. Thereafter, the water is discharged to the
outside from the lower end of the main shaft 1 through
a draft tube 9.

In a high head pump-turbine installed in a high head
pumped storage power station usually having an operat-
ing head of more than 400 m, for the purpose of operat-
ing the pump-turbine at a high speed and with a small
quantity of water flow as a result of high head, the
runner 2 1s required to have a flat characteristic con-
struction such that the height B of the outermost flow
passage between the crown 2g and band 25 is less than
0.1 times outermost peripheral diameter Do of the run-
ner, and that the number Zg of the runner vanes 2c
constituting a moving vane cascade is selected to be in
a range of 6 to 8, and that the number Zg of guide vanes
3 constituting a stationary vane cascade is selected to be
in a range of 12 to 32, so that Zg is larger than Zp.

During the operation of such a high head pump/tur-
bine, as above described, the high pressure water flow-
ing into the runner chamber 6 through guide vanes 3
constantly collides with the runner vanes 2¢ so that the
leading edges of the runner vanes 2c¢ in the moving vane
cascade of the rotating runner 2 regularly and repeat-
edly pass by the trailing edge portions of the guide
vanes 3 and between the vanes 3 in the stationary vane
cascade. As a consequence, the runner is subjected to a
reguiarly varying hydraulic exciting force caused by
hydraulic interference between the moving vane cas-
cade and the stationary vane cascade (see FIG. 18).
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Consequently, in the runner 2, due to the hydraulic .

exciting force mentioned above, the crown 2a¢ and the

2

band 2b are subjected to a disc vibration having nodes at
rigid joints between the crown 22 and the band 26 and
the runner vanes 26. Especially, a runner of a flat and
disc type of a high head pump-turbine having a height B
of the outermost peripheral flow path between the
crown and band which is less than (.1 times the outer-

most diameter D,, 1s subjected to an extremely severe
vibration giving rise to a large vibration stress.

The frequency fy of the hydraulic exciting force
acting on the runner 2, when it is rotated at a rated
speed, is expressed by a relation Zg-No/60 (Hz) (where
N, represents the rotational speed (r.p.m.)) because the
runner vanes 2c¢ are subjected to Z¢ times hydraulic
interference corresponding to the number of the guide
vanes 3 in the stationary vane cascade during one revo-
lution. In the case where the natural vibration fre-
quency fxof the runner 2 is close to the frequency fx of
the hydraulic excitation, the vibration stress becomes
larger due to a resonance phenomenon. Even when
such resonance state can be avoided under a condition
in which vibration response of the runner 2 with respect
to the hydraulic exciting force is large, the vibration
stress nevertheless becomes large, thereby hastening
runner fatigue which ultimately results in fatigue de-
struction of the runner 2.

For decreasing the runner vibration stress, a method
of avoiding the resonance phenomenon by adjusting the
natural vibration frequency fn of the runner to a level
remote from the hydraulic excitation frequency fy is
disclosed in Japanese Laid Open Patent Specification
No. 173568/1984. However, this method is not always
adequate for the actual state of the runner vibration, and
can not attain its objective.

.More particularly, in the prior art investigation, the
manner in which the hydraulic exciting force acts on
the runner and by what mechanism the vibration takes
place has not been made clear. For this reason, the
fundamental primary factor influencing the runner vi-
bration and the magnitude of the vibration stress have
not been correctly understood. Furthermore, it has not
been made clear as to in what case the vibration stress
increases and countermeasures to prevent this problem
have not been developed.

We have clarified the mechanism of the runner vibra-
tion and the fundamental primary factor influencing the
runner vibration and the magnitude of the vibration
stress as disclosed in our technical paper presented in
the JSSME symposium on fluid engineering No. 900-54,
entitled “Vibration Behavior of Runners of High Head
Pump-Turbines (first report)”, page 40-51 on Aug. 29
and 30, 1990, in Tokyo.

A summary of the technical paper is as follows:

(1) In the past, the runner vibration was considered
on the assumption that the runner has the construction
of a simple disc. In this paper, however we have consid-
ered that the runner consists of a disc shaped crown as
a horizontal member, a disc shaped band as another
horizontal member and the runner vanes as vertical
members arranged to form a circular vane cascade be-
tween the two horizontal members, and that the runner
1s replaced by an annular Rahmen (skeleton structure)
formed by a rigid combination of the horizontal and
vertical members. This construction is dynamically
close to the real state of the runner and thus we have
studied the runner vibration.

(2) The rotating runner is subjected to a periodically
varying hydraulic exciting force having an amplitude
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Fyoon each runner vane due to the hydraulic interfer-
ence (see FIG. 16) between the runner vanes 2c¢ and the
guide vanes. Denoting the center angle of the vane
array spacing of the runner vane cascade by
6r=[27m/ZR) and denoting an integer nf=Z—mZg])
having a minimum absolute value of a relative differ-
ence obtained by subtracting a positive integer multiple
m-Zgof Zg from Zg, the phase lag of hydraulic exciting
forces acting upon adjoining two runner vanes is ex-
pressed by an equation @rn[=Qn7/Zgr) (Zg—mZR)]
which 1s expressed by combined functions of Zg and
ZR.

(3) Due to the effect of the hydraulic exciting forces
acting on each of the runner vanes, a dynamic exciting
bending moment which varies with the same period as
the hydraulic exciting forces is applied to joints of the
runner vane to the crown and band. This dynamic excit-
ing bending moment is the product obtained by multi-
plying by a moment coefficient Caso the maximum pro-
ducible exciting moment m, which is the runner fixed
end moment arising because when the rigidity of the
crown and band is extremely high, only the runner vane
side assumes all of the bending deformation that should
be shared by the crown, the band, and the runner vanes.
Thus, the exciting bending moment of the joint parts on
the joint parts on the runner vane side become M,
(=Cromy), and the exciting bending moment of the
joint parts on the crown and band side becomes M,/3.

‘The moment coefficient Caro, that is the moment
amplitude ratio (M,/m,) in which m,is taken.as a refer-
ence can be given by the following theoretical equa-
tions by using a trigonometrical function cos(gn) of the
phase leg 6rn of the hydraulic exciting force and a
function of a rigidity ratio K g of the crown and band by
taking runner vanes as a reference.

Caro=2Kr{1+43Kp+12—4(3Kr+1) cos(8grn}
/QKp+1)(6KRp+1)

(D
Denoting the thickness ratio of the crown and band to
the runner vanes by t/tv and the sectional secondary
moment ratio by 1/1,, the rigidity ratio Kg of the crown
and band to the runner vanes can be calculated by the
following equation.

(2)

KR (I/ I ZRB/7D,)

(1/t P)B(ZRB/ D)

These equations show that Caso increases when the
thicknesses of the crown and band are increased to
increase K g and that when Ky is made to be extremely
large, Cpo becomes 1 and M, becomes the maximum
value of mo.

(4) Due to the action of the dynamic moment at the
joints, the crown and band between the runner vanes
accompany a disc vibration with displacement in the
direction of the axis of the runner rotation wherein the
joints of the crown and band to the runner vanes act as
a node. Then, at each joint, vibration stress proportional
to the exciting bending moment is generated.

(5) Where the damping ratio || of the vibration
(c/2(mk)?, where c represents a viscosity damping coef-
ficient, m represents mass and k a spring constant) is
made to be constant,, the magnitude of the vibration
stress amplitude Ao varies in direct proportion to a
moment coefficient Cyo (=My/m,) representing the
magnitude of the dynamic bending moment M,. The
basic influencing factors on Cpyo are a phase lag 6zn
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4

between the hydraulic excitations acting on adjoining
two runner vanes and the rigidity ratio K of the crown
and band to the runner vanes. By decreasing K g and by
keeping the phase lag 6gn to be adequate, Cpso can be
decreased. Then the vibration stress Ao~ can be de-
creased in direct proportion to Cyo.

(6) Where the effect of the damping ratio of the vibra-
tion 1s taken into consideration, as the rigidity ratio Ky
decreases from a large value caused by the decrease of
Kr due to a decrease of the thicknesses of the crown
and band, the damping ratio £ tends to increase due to
the attenuation of the spring constant so that the vibra-
tion stress amplitude Ao decreases to a small value less
than a decreased level in direct proportional to the
decrease of Caso.

SUMMARY OF THE INVENTION

It is therefore an object of this invention to provide a
novel pump-turbine for use with a high head, which has
a small runner vibration response due to the hydraulic
exciting force, low runner vibration stress, and a high
safety.

Another object of this invention is to provide a novel
pump-turbine for use with a high head capable of hold-
ing at an optimum state, the phase relation of hydraulic
exciting force on the runner by suitably combining Zg
and Z¢g so as to decrease the dynamic exciting bending
moment, mamntaining the rigidity of the principal vibrat-
ing members 1n a specific range in accordance with the
phase relation of hydraulic exciting forces, and decreas-
ing the amplitude of the vibration stress to a low level.

According to this invention, there is provided a high
head pump/turbine having a flat pump-turbine runner
wherein the height B of flow paths at the outermost
peripheral portion between a runner crown and band 1s
much smaller than the diameter Do of the outermost
periphery, characterized in that, when the minimum
integer of the absolute value of a difference obtained by
subtracting a positive variable m times the number Zg
of runner vanes from the number Zg of guide vanes is
denoted by n=Zc—mZpg, the center angle of the spac-
ing of the runner vane cascade is denoted by @g, the
phase lag between hydraulic exciting forces acting upon
two adjoining runner vanes is denoted by @gn; the trig-
onometric function of the phase lag between the hy-
draulic exciting forces of two adjoining runner vanes
varying in accordance with the combination of the
number of runner vanes and the number of guide vanes,
is denoted by cos(6gn); the crown thickness along the
circle of the mean diameter at the point midway be-
tween the outermost peripheral diameter of the runner
and the maximum diameter of the outlet sealing portion
on the inner periphery side of the runner is denoted by
tasc, the thickness of the band at the same mean diame-
ter is denoted by tpg, the mean thickness of the crown
at a portion on the outside of a circle inscribing the
chord of a sector having a center angle 8z on a circle
having the outermost peripheral diameter of the runner
is denoted by tc, the mean thickness of the band is de-
noted by tp, and the rigidity ratio of the crown and band
to the runner vanes 1s denoted by Kgr by taking the
rigidity of the runner vanes as a reference, the rigidity
ratio Kg is so determined such that a moment coeffici-
ent Cayo which is a function of cos(6rn), and the rigid-
ity ratio K g become less than 0.5 in accordance with the
value of cos(6gn) which varies according to a combina-
tion of the number of runner vanes, and the number of
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guide vanes and at the same time in the case where the
value of cos(@rn) is positive, the relations t./tyc=1
and tp/tap =1 are obtained, whereas when the value of
cos(6rn) is negative, relations tc/tyc=1and tp/typ=1

6

FI1G. 9 1s a graph showing the test result of the vibra-
tion stress amplitude at the joints of runner vanes em-
bodying this invention:;

FIG. 10 1s a graph showing the test result of the vi-

are obtained. The high head pump-turbine of this inven- 5 bration stress amplitude at the joints of the runner vanes

tion operates as follows.

For preventing a runner fatigue destruction caused
by the increase of the runner vibration due to action of
the hydraulic exciting force, the vibration stress ampli-
tude Ao 1s decreased to a value less than 1x of the
amplitude of the maximum amplitude stress correspond-
ing to the maximum possible dynamic bending moment
m, whereby the amplitude Ao can be reduced to a safe
low level with respect to the fatigue strength of the
runner. On the other hand, the magnitude of the ampli-
tude Ao of the vibration stress at the joints of the runner
vanes varies in direct proportion to the moment coeffi-
cient Cyoindicating the magnitude of amplitude M, of
the dynamic exciting bending moment. Thus, the ampli-

10

15

according to the another embodiment of this invention;

FIG. 11 1s a vertical sectional view showing a dia-
grammatic construction of a conventional high head
pump/turbine;

FIG. 12 1s a plan developmental view showing rela-
tive arrangement of the runner vanes and guide vanes;

FI1G. 13 is a vertical sectional view showing a runner
portion of a high head pump-turbine;

FI1G. 14 is a developmental view of a runner portion
between two adjacent runner vanes as seen from the
outer periphery side;

FIG. 15 is a graph showing a periodically varying
pressure caused by guide vanes; and

FI1G. 16 1s a graph explaining the varying pressure

tude of the runner vibration stress can be made amply 20 acting upon the runner.

small by so selecting the rigidity ratio Kg which is a
function of the ratio between the mean thickness t, of
the runner vanes and the thickness of the crown or band
such that the moment coefficient Caso will be less than

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

The vibration and the vibration stress of the runner 2

0.5, in accordance with the value cos(@grn) varying 25 will be considered on the assumption that the runner 2

according to the combination of the number of runner
vanes and the number of guide vanes. By increasing or
decreasing the thickness at the outer peripheral portion
of the crown and band with respect to the thickness at
the central portion, in accordance with the value of
cos(fgn), the natural frequency of the runner can be

varied, thereby avoiding a resonance state with a hy-
draulic excitation frequency.

BRIEF DESCRIPTION OF THE DRAWINGS

In the accompanying drawings:

FIG. 11s a graph showing the case wherein the num-
ber of the runner vanes is 6, the relationships among a
moment coefficient Cpso representing the magnitude of
the bending moment acting upon the joints of the run-

30

35

40

ner vanes at the time of vibration of the runner, the

trigonometric function cos(@grn) of the phase lag of the
hydraulic excitations acting upon two adjoining runner
vanes, the trigonometric function cos(6gn) being a fac-
tor that influences Cpp and the rigidity ratio K of the
crown and band to the runner vanes taking the rigidity
of the runner vanes as a reference;

FIG. 2 1s a graph showing the relation among Cuo,
cos(@gn) and Kg where the number of the runner vanes
is 7;

F1G. 3 1s a graph showing the relation among Cao,
cos(@gn) and K g where the number of runner vanes if 8:

FIG. 4 1s a graph showing the relation between Kg
corresponding to the upper permissible value of Cy0
and cos(@grn);

FIG. 5 is a developmental view as viewed from the
outer periphery wherein the runner is replaced by an
annular Rahmen in which the crown and band take the
form of horizontal members and the runner vanes take
the form of vertical members;

FIG. 6 is a diagram indicating response to vibration
of the runner due to hydraulic excitation;

FI1G. 7 1s a vertical sectional view showing essential
portions of the runner constructed according to one
embodiment of this invention;

FIG. 8 1s a vertical sectional view showing essential
portions of the runner according to another embodi-
ment of this-invention;
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comprises a crown 2a and a band 2b as horizontal
members and runner vanes 2c are vertical members and
that the runner 2 is substituted by an annular Rahmen
consisting of these respective members whose rigidity is
equivalent to that of the runner 2.

FIG. 5 shows a developmental view of the annular
Rahmen of runner 2 as seen from the side of the outer
periphery and shows a portion between two adjacent
runner vanes of ith and (i+ 1)th vanes, while FIG. 6 is
a diagram showing a vibration response state of runner
2 caused by the vibration due to hydraulic exciting
forces. Each of the runner vanes 2c¢ is subjected to a
hydraulic exciting force due to an effect of a periodi-
cally varying pressure caused by a hydraulic interfer-
ence of a guide vane cascade, as shown in FIG. 16.
More particularly, the ith runner vane and (i+ 1)th
runner vane are respectively subjected to hydraulic
exciting forces expressed by F,;=F,xcos(Z58) and
Fyi+ 1 =Fcos(Z50 4 8 gn) corresponding to respective
phases Zg0, Zg0+8rn of respective runner vanes,
where Fvo represents the maximum hydraulic exciting
force. As a consequence, these hydraulic exciting forces
F,; and Fy;41 cause dynamic bending moments M,
M;/2, Mi+ and M;11/2 in the joints of the runner
vanes, crown and band, whereby as shown by dotted
lines in FIG. 6, the crown 2¢ and band 2b between
runner vanes are deflected in the direction of the axis of
rotation taking the runner vane 2¢ as a node, thus gener-
ating a runner vibration with diametrical nodes. When
Fy;and Fy;11 have opposite phases, the crown 2z and
band 25 interposed between the runner vanes undergo
maximum deflection in the direction of the axis of rota-
tion.

In the runner vibration caused in this manner by
hydraulic exciting forces created by the hydraulic inter-
ference of the stationary vane cascade on the side of the
outer periphery, as shown in FIG. 12, the outer periph-
eral portion between the outermost periphery of the
runner close to the stationary vane cascade and a circle
inscribing the chord of a sector of a center angle 6
(=2m/ZR) on a circle having a diameter of D, acts as a
main vibrating member, and the rigidity ratio Kg of
crown 2qg and band 256 to runner vanes 2c determined by
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taking the rigidity of runner vanes 2¢ as a reference has
an influence upon the vibration. This rigidity ratio Kgis
calculated by equation (2) described above. More par-
ticularly, the rigidity ratio K of the crown taking the
runner vane portion at the outer periphery as a refer- 3
ence 1s expressed by

(tc/t(ZRB/7D,)

and the ngidity ratio Kg of the band is expressed by 4

(tg/t ) (ZRB/7D,)

where the symbols are as follows.
t;: means thickness of the crown on the outside of

diameter Docos(6r/2) of a circle inscribing the chord of
a sector,

tg: mean thickness of the band,

t,: mean thickness of the runner vanes.

On the other hand, the amplitude Ao of the vibration
stress at the joints of runner vanes 2¢ resulting from the
runner vibration is proportional to the moment coeffici-
ent Cpyo representing the dynamic exciting bending
moment ratio M,/m, and greatly influenced by the
magnitude of the trigonometric function cos(6gn) of the
phase lag (6grn) between the hydraulic exciting forces
on adjoining two runner vanes and by the magnitude of
the rigidity ratio K g of the crown 2a and band 2b at the
outer peripheral portion. |

When the degree of influence of the magnitude o
cos(@rn) which varies depending upon the combination 30
of Zg and Z¢ of the magnitude of the rigidity ratio Kg
upon the moment coefficient Cpsp, 1s determined from
the relative equations indicating the relationships of
Cymo with Kgr and cos(@grn) as functions described
above, a combination of Zg=6 and Zg=12~32 1n the
practical range can be shown as in FIG. 1, a combina-
tion of Zr=7 and Zg=12~ 32 can be shown as in FIG.
2, and a combination of Zr=8 and Zg=12~32 can be
shown in FIG. 3. As can be noted from FIGS. 1-3,
Cao has a relative relation such that the value of Cpo 40
becomes large when cos(@gn) has a value in the nega-
tive range and small when cos(@grn) has a value in the
positive range. Further, there is a relative relation such
that as Kr becomes large Cpso becomes large and vice
versa.

To decrease the vibration stress amplitude Ao to a
low level of less than 4 of the maximum vibration stress
amplitude Ao, corresponding to the maximum dynamic
bending moment m,described above, which is safe from
the standpoint of fatigue strength, the magnitude of the
moment coefficient Cyo{=M,/m,) shown in FIGS.
1~3 must be decreased to a value of less than 0.5. The
relation between cos(@rn) corresponding to the upper
Iimit permissible value 0.5 of Cayspand K g can be shown
in FIG. 4. From these relationships, it is to be noted that
~ by selecting a rigidity ratio K g from equation (1) repre-
senting a function of cos(6gn) and the rigidity ratio Kg
to be such a value to maintain the moment coefficient
Camo less than 0.5, in accordance with the value of
cos(0gn) which varies according to the combination of 60
the number of runner vanes Zg and the number of guide
vanes Zg, 1t 1s possible to decrease the vibration of the
runner to a safe low level.

By selecting the thicknesses of the crown and band at
values such that the rigidity ratio Kg is less than 0.5
when cos(@grn)=1 which is determined by the combina-
tion of Zg and Zg shown in FIGS. 1~3 and that the
rigidity ratio Kg is less than 0.206 when
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cos(@rn)= —0.5, it 1s possible to hold the value of Cao
at a value less than 0.5, thereby decreasing the vibration
stress amplitude Ao to a safe low level.

In the case of a combination of Zg and Zgr wherein
cos(6rn) is in a positive range, the value of Caspo 1s
smaller than the value of Cyso when cos(6grn) <0. Even
when the rigidity ratio is made relatively large, it is easy
to maintain Caspat a value less than 0.5. Thus, by gradu-
ally increasing the thicknesses of the crown 2a and band
2b from the center portion in a manner such that the
thicknesses tc and tp at the peripheral portion of the
crown 2ag and band 2b can be expressed by relations
tc/tmMc =1 and tp/typ=1 respectively, where tasc and
tarp represent the thicknesses of the crown and band at
the center portion and tc and tp represent the mean
thicknesses of the outer peripheral portions, it 18 possi-
ble to increase the number of natural frequency of the
runner 2, thereby avoiding the resonance of the natural
frequency fy of the runner with the frequency fg of the
hydraulic excitation acting on the runner.

In the case of a combination of Zg and Zg wherein
cos(frn) is in a negative range, the value of Cyp is
larger than the value of Cpo when cos(8grn)>0 by
gradually decreasing the thicknesses of the crown 2a
and band 2b from the central portion such that the ratio
of the thicknesses at the peripheral portion to the thick-
nesses at the central portion of the crown 2a¢ and band
26 would be respectively expressed by relations
tc/tamrc=1 and tp/typ=1. Then it becomes possible to
avoid resonance of the natural vibration frequency fx
with the frequency fy of the hydraulic excitation.

Embodiment 1

In the case of a combination of Zg=7 and Z5=20,
the value of cos(@gn)1s +0.623 as shown in FIG. 2, and
the runner can be constructed to have a value of Cyroof

less than 0.5, when the following conditions are estab-
lished as shown in FIG. 7.

B/Dgé 0. l,

tc/tmc=1, tg/tap= 1,
(tc/t(ZRB/7TD)=0.39,

(tet ) (ZRB/7D,) =0.39.

As a consequence, as the result of measurement
(shown in FIG. 9), when the rotational speed N (r.p.m.)
1s varied, the vibration stress amplitude Ao of the joints
of runner vanes can be decreased to a safe low level
described above. This proves that this construction is
sufficiently safe with respect to the permissible stress 5
kgf/mm 2 for the runner fatigue strength. Further, since
the natural frequency fy has been increased, it has been
proved that no resonance occurs near the rated rotating
speed Nc (r.p.m.) ({n/fa~1).

Embodiment 2

In the case of a combination of Zg=6 and Z5=20, as
shown in FIG. 1, the value of cos(8gn) becomes —0.5
and the runner can be constructed to have a value of
Cumoof less than 0.5 when the following conditions are
established as shown in FIG. 8.

B/D,=0.1,

tc/tMc=1, tp/tMp=1,
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(tc/t W (ZRB/7D,)=0.206 and

(tg/1, P (ZrB/7D,)=0.206.

FIG. 10 shows the result of measurement of the vi-
bration stress amplitude Ao at the joints of the runner
vanes when the number of revolutions (r.p.m.) is varnied.
In FIG. 10, the broken line shows the result of measure-
ment when the thickness (tc, tg) of the outer peripheral
portion is made larger than that of this invention. The
vibration stress amplitude Ao of this invention is less
than that shown by dotted lines as shown by a solid line
and decreased to the safe low level as has been de-
scribed above which proves that this level is ample with
respect to the permissible stress 5 kgf/mm? for the run-
ner fatigue strength. Furthermore, the natural fre-
quency fyis also decreased and it was found that there
is no resonance (fa/fa<1) near the rotating speed No.
rated

Since the pump-turbine is constructed as above de-
scribed, by suitably combining Zg and Zg the phase
relation of the hydraulic excitation is maintained at an
adequate state, so that the dynamic moment due to the
hydraulic excitation can be reduced, and the rigidity of
the main vibrating parts at the outer peripheral portion
of the runner can be maintained in a specific range in
accordance with the phase relation of the hydraulic
excitation. Further, it is possible to decrease the amph-
tude of the dynamic bending moment to be less than 4 of
the amplitude of the maximum possible dynamic bend-
ing moment, thereby decreasing the amplitude of the
vibration stress to a safe low level. As a consequence, it
is possible to make adequate the fundamental influenc-
ing factors of the runner vibration, thereby effectively
decreasing the vibration stress of the runner to a safe
value.

What 1s claimed is:

1. A high head pump-turbine comprising:

a flat pump-turbine runner wherein a height B of flow
paths defined at an outermost peripheral portion
thereof between a runner crown and a band 1s
smaller than a diameter D, of an outermost periph-
ery, wherein, when a minimum integer of an abso-
lute value of a difference obtained by subtracting a
positive variable m times a number Zg of runner
vanes from a number Z¢ of guide vanes 1s denoted
by n=Zgc—mZg; a center angle of the spacing of a
runner vane cascade is denoted by 8gr; a phase lag
between hydraulic exciting forces acting upon two
adjoining runner vanes is denoted by 6gn; a trigo-
nometric function of the phase lag between the
hydraulic exciting forces of two adjoining runner
vanes varying in accordance with the combination
of the number of runner vanes and the number of
guide vanes is denoted by cos(6gn); a crown thick-
ness along a circle of a mean diameter at a point
midway between an outermost peripheral diameter
of the runner and a maximum diameter of an outlet
sealing portion of an inner periphery side of the
runner iIs denoted by tyc; a thickness of the band at
the means diameter is denoted by typ;, a mean
thickness of the crown at a portion on the outside
of a circle inscribing the chord of a sector having a
center angle @g on a circle having the outermost
peripheral diameter of the runner is denoted by t;
a mean thickness of the band 1s denoted by tp; and
a rigidity ratio of the crown and the band to the
runner vanes is denoted by Kg by taking a ngidity
of the runner vanes as a reference, the rigidity ratio
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Kgr is so determined that a moment coefficient
Camo, which is a function of cos(8gn) and the rigid-
ity ratio Kg, becomes less than 0.5 in accordance
with the value of cos(6gn) which varies according
to the combination of the number of runner vanes
and the number of guide vanes, and at the same
time in the case where the value of cos(@grn) is
positive, the relations tc/tycZ 1 and tp/typ=1 are
obtained, whereas when the value of cos(6grn) is
negative, the relations tc/tyc=1and tp/tyyp=1 are
obtained.

2. A high head pump-turbine comprising:

a flat runner having a diameter of D, at an outermost
periphery thereof, an outlet sealing portion on an
inner side of the runner, a crown, a band portion,
and a plurality of runner vanes forming a runner
vane cascade, the runner vanes connecting the
crown to the band portion such that a plurality of
flow paths are formed, each of said flow paths
being defined between the crown, the band por-
tion, and .adjacent runner vanes; and

a guide vane cascade including a plurality of station-
ary guide vanes disposed around the runner;

wherein a height B of the flow paths at the outermost
periphery of the runner between the crown and
band portion is smaller than the diameter Dy;

wherein, when

(1) a minimum integer n 1S defined as

n=|Zg—mZLR]

where m is a positive variable, Zg is the number of

runner vanes, and Zg is the number of guide vanes,

(2) a center angle defined between adjacent runner
vanes and a center point of the runner 1s denoted
Or,

(3) a phase lag between exciting forces acting upon
adjacent runner vanes is defined as 0p,

(4) a trigonometric function of the phase lag varies in
accordance with the number of runner vanes Zg
and the number of guide vanes Zg, the trigonomet-
ric function defined as cos(@gn);

(5) a thickness of the crown along a first circle de-
fined by a mean diameter at a point midway be-
tween the outermost peripheral portion of the run-
ner and 2 maximum diameter of the outiet sealing
portion is denoted as tasc,

(6) a thickness of the band portion at the mean diame-
ter 1s denoted as tasp,

(7) a mean thickness of the crown outside of a second
circle inscribing a chord of a sector having a center
angle @r is denoted as tc,

(8) 2 mean thickness of the band portion 1s denoted as
tp, and

(9) a rigidity ratio Kg is the ratio of the rigidity of
each of the crown and the band portion to the
rigidity of the runner vanes,

the rigidity ratio Kg is determined so that a moment
coefficient Capro which is a function of cos(6gn) and
the rigidity ratio Kg is less than 0.5 in accordance
with the value of the trigonometric function
cos(8gn) which varies depending upon the number
of runner vanes Zg and the number of guide vanes
Lg;

wherein when a value of cos(6gn) is positive, rela-
tionships tc/Tymc=1 and tp/tyyp=1 are obtained
and when a value of cos(8gn) is negative, relation-

ships tc/tpc=1 and tp/tpsg=1 are obtained.
% * ¥ L W
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